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ABSTRACT 
Compressive failure mechanisms in quasi-isotropic graphite/epoxy laminates 
were characterized for both unnotched and notched specimens and also following 
damage by impact. Two types of fibers (Thornel 300 and 700) and four resin 
systems ( N a ~ m c o  5208, American Cyanamid BP907, and Union Carbide 4901 I M D A  and 
4901/mPDA) were studied. The widely used T309/5208 served as the baseline 
composite system. For all material combinations, failure of unnotchea 
specimens was initiated by kinking of fibers in the 0-degree plies. A major 
difference was observed, hovever. in the mode of failure propagation after the 
C-degree ply failure. In laminates made with Narmco 5208 resin, the 0-degree 
ply failure was irmediate followed by delamination and catastrophic failure 
of the spec!!rien. In BP907 resin the fiber kinking was well contained without 
delamination, and still allowed further increase in load. The remaining two 
resins lay between BP907 and Marmco 5208 in their resistance to delamination. 
The strength of quasi-isotropic laminates in general increased with increasing 
resin teqsile modulus. The lamlnates made with Thornel 700 f ikers exhibited 
slightly lower compressive strengths than did the laminayes made with Thornel 
300 fiberd. The notch sensitivity as measured by the hole strength was lowest 
for the BP407 resin and highest for the 5208 resin. For the materials studied, 
however, the type of fiber had no effect on the notch sensitivity. The area of 
impact damage was smallest for the BP907 resin. The 4901 resins were 
comparable to the 5206 resin in their impact resistance. Of the two fiber 
types, the TlOO fiber consistently gave smaller damage area. me strength 
reduction after impact could be explained from the impact damage area and the 
unnotched strength. 
One of  t h e  d rawbacks  i n  t h e  a p p l i c a t i o n  o f  t h e  c u r r e n t  g r s p h i t e / e p o x y  
composites i n  s t r u c t u r e s  is t h e i r  h igh s u s c e p t i b i l i t y  to low v e l o c i t y  impact 
damage [1-51. Due t o  t b e  b r i t t l e n e s s  o f  t h e  m a t r i x  r e s i n s  u s e d ,  l o w  
v e l o c i t y  impact o f t e n  r e s u l t s  i n  m a t r i x  c r a c k i n g ,  d e l a m i n a t i o n  and f i b e r  
f rac tu re .  Under compressive load ing  t h e  dammge caused by impact l e a d s  to 
premature f a i l u r e  and r e s u l t s  i n  a n  unaccep tab le  loss of  s t rength .  
R e c e n t  s t ~ d i e s  h a v e  i n d i c a t e d  t h a t  t h e  e x t e n t  o f  i m p a c t  damage c a n  b e  
reduced by us ing  tougher r e s i n s  (3-6). Howevcr, t h e  u s e  o f  tougher r e s i n s  
may r e s u l t  i n  t h e  r e d u c t i o n  o f  c o m p r e s s i v e  s t r e n g t h  b e c a u s e  t o u g h n e s s i s  
f r e q u e n t l y  o b t a i n e d  a t  t h e  s a c r i f i c e  o f  s t i f f n e s s .  T h e r e f o r e ,  a p r o p e r  
compromise must be  m a i n t a i n e d  between t o u g h n e s s  and  s t i f f n e s s t o  i m p r o v e  
impact r e s i s t a n c e  wi thout  r i s k i n g  a compress ive  f a i l u r e .  
The e f f e c t  of r e s i n  p r o p e r t i e s  on compressive behavior  of u n i d i r e c t i o n a l  
c o m p o s i t e s  was s t u d i e d  i n  R e f e r e n c e s  7, 8 and  9. I t  was found  t h a t  t h e  
compressive s t r e n g t h  inc reased  and t h e  mode of f i b e r  f a i l u r e  changed f  ram 
buckl ing t o  kinking,  as t h e  r e s i n  t e n s i l e  modulus increased.  
In  t h e  p r e s e n t  paper ,  t h e  same m a t e r i a l  systems used i n  Refer- 
ences  7 and 8 were used t o  s tudy  t h e  e f f e c t  o f  r e s i n  modulus and 
t o u g h n e s s  on  c o m p r e s s i v e  f a i l u r e  o f  q u a s i - i s o t r o p i c  l a m i n a t e s  w i t h  and  
wi thout  a hole and a f t e r  damage by impact. Notch s e n s i t i v i t y  was measured 
us ing  h o l e s  o f  d i f f e r e n t  diameters. Impact r e s i s t a n c e  was c h a r a c t e r i z e d  by 
t h e  impact damage area and post-impact s t r e n g t h  re ten t ion .  
MATERIALS 
The f i b e r s  u s e d  were T h o r n e l  300 (T300) and  T h o r n e l  700  (T700). T h e s e  
tw f i b e r s  h a v e  approximately t h e  saw Young's d u l u s  (about 230 Wa). The 
T7OO f i b e r ,  however,  h a s  a highey- t e n s i l e  f a i l u r e  s t r a i n  a n d  a smaller 
d iamete r .  T h e s e  two f i b e r s  were combined w i t h  Narmco 5208, American 
Cyanamid BP907, and Union Carbide  4901/HM and 4901/nPDA t o  p r o v i d e  seven  
d i f f e r e n t  naterial systens .  A l l  l a m i n a t e s  were f a b r i c a t e d  according t o  t h e  
n a n u f a c t u r e r s '  s u g g e s t e d  c u r e  c y c l e s  a t  t h e  NASA l a n g l e y  Research Center. 
The Narnco 5208 r e s i n ,  which was t h e  b a s e l i n e  r e s i n  system, h a s  t h e  1 "west 
t e n s i l e  f a i l u r e  s t r a i n  w n g  a l l  t h e  r e s i n s  used. The BP907 r e s i n  has t h e  
l o w e s t  t e n s i l e m o d u l u s a n d t h e  U n i o n c a r b i d e  4901/mPDA r e s i n  t h e  h i g h e s t  
t e n s i l e  r o d u l u s .  H e c h a n i c a l  p r o p e r t i e s  o f  t h e  c o n s t i t ~ e n t  naterials are 
presented i n  T a b l e  1. The BP907 r e s i n  is known t o  be tougher than  t h e  5208 
r e s i n  !5]; houever, t h e  toughness o f  4901 r e s i n s  is n o t  known. 
SPECIHEN PREPARATION AND TESTING 
Unnotched Specimens 
Ultimate compressive s t r e n g t h  and f a i l u r e  modes were s t u d i e d  us ing 24- 
p l y  l amina tes  wi th  a s t a c k i n g  sequence of [45/0/-45/9L~!3~. The l amina tes  
were c u t  and  t a b b e d  i n t o  a geomet ry  a p p r o p r i a t e  f o r  a n  I I T R I  ( I l l i n o i s  
I n s t i t u t e  of Technology Research I n s t i t u t e )  c o m p r e s s i o n  f l x t u r e .  T e s t i n g  
was done  o n  a n  I n s t r o n  t e s t i n g  mach ine  a t  a c r o s s h e a d  s p e e d  o f  1 mm/min. 
Dur ing  l o a d i n g ,  s p e c i m e n s  were m o n i t o r e d  t h r o u g h  a s t e r e o  m i c r o s c o p e  a t  
magni f i ca t ions  up t o  lOOX f o r  i n d i c a t i o n s  o f  f a i l u r e .  Some specimens were 
t e s t e d  i n  a l o a d i n g - u n l o a d i n g  mode; t h a t  is, t h e  spec imen  was l o a d e d  t o  a 
c e r t a i n  l e v e l  and then unloaded. Upon unloading t h e  specimen was removed 
and examined f o r  f a i l u r e  us ing an o p t i c a l  microscope a t  magni f i ca t ions  up t o  
500X. The s t r e s s - s t r a i n  response f o r  each material was determined us ing a 
s t r a i n  g a g e  bonded t o  o n e  o f  t h e  lateral  f a c e s  o f  two  s p e c i m e n s  i n  e a c h  
material system. 
Specimens Ki th  Open Hole and Impact Derage 
Two t y p e s  o f  s p e c i m e n s  were u s e d  t o  s t u d y  t h e  n o t c h  s e n s i t i v i t y .  One 
group of specimens were [45/0/-45/90]3s l amina te  coupons 25 m wide by 44.5 
mm l o n g  w i t h  a c e n t e r  h o l e  r a n g i n g  f r o m  3.18 t o  9.54 ma i n  d i a m e t e r .  A 
s p e c i a l  p l a t e  f i x t u r e  was used to  g r i p  t h e  specimen a t  t h e  ends  wi th  s l i g h t  
s i d e  p r e s s u r e .  A x i a l  l o a d  was i n t r o d u c e d  t o  t h e  two e d g e s  b e a r i n g  on  t h -  
plates. '  
The o t h e r  group of specimens were [45/0/-45/90]6S laminates.  They were 
127  a m  wide by 254 mm l o n g  a n d  had a 2 5  o r  50-mm-diameter c e n t e r  h o l e .  
These specimens were t e s t e d  according t o  t h e  procedure desc r ibed  i n  [5]. 
The impact specimens were also [4S/O/-45/90]6S l a m i n a t e s  127 am wide by 
254 mm long.  Impac t  damage was i n f l i c t e d  by s t r i k i n g  t h e  spec imen  w i t h  a 
1.27-em-diameter aluminum sphere  p r o p e l  l e d  by compressed  air. Two i m p a c t  
e n e r g i e s  were employed: 1 7  J and  34.4 J which c o r r e s p o n d e d  t o  p r o j e c t i l e  
speeds  of approximately  110 m / s  and 154 m/s ,  r e s p e c t i v e l y .  Fol lowing t h e  
impact, t h e  specimen was inspec ted  v i s u a l l y  and u l t r a s o n i c a l l y  t o  determine 
t h e  e x t e n t  o f  damage. D e t a i l s  of t h e  test  procedure are repor ted  i n  [3]. 
RESULTS AND DISCUSSION 
Unnotched Specimens 
F a i l u r e  Modes - C o m p r e s s i v e  f a i l u r e  o f  unnotched quas i - i so t rop ic  
specimens was u s u a l l y  ca tas t roph ic .  Occasional a r r e s t  of p a r t i a l l y  f a i l e d  
s p e c i m e n s  was p o s s i b l e  o n 1  y by t h e  loading-unloading procedure descr ibed 
p rev ious ly .  F a i l u r e  was u s u a l l y  i n i t i a t e d  i n  t h e  v i c i n i t y  of t h e  t a b  ends, 
a l t h o u g h  subsequent f a i l u r e  was spread o v e r  t h e  e n t i r e  gauge length. 
E x a m i n a t i o n s  o f  p a r t i a l  1 y f a i l e d  s p e c i m e n s  sugges t  t h a t  compress ive  
. 
f a i l u r e  o f  quas i - i so t rop ic  l a m i n a t e s  is t r i g g e r e d  by t h e  k ink ing  o f  f i b e r s  
i n  t h e  0 -degree  p l i e s .  T h i s  is f o l l o w e d  by d e l a a i n a t i o n  a n d  s u b s e q u e n t  . 
buck l ing  o f  sublaminates.  
F igure  1 shows a p a r t i a l l y  f a i l e d  T300IBP907 specimen which was loaded 
t o  81% o f  t h e  a v e r a g e  u l t i m a t e  compress ive  s t r e n g t h  (UCS). F i g u r e  1 (a) is 
t h e  f a i l u r e  o f  a 0 - d e g r e e  p l y  a s  s e e n  on a n  e d g e  o f  t h e  specimen. 
P r o p a g a t i o n  c f  t h e  f a i l u r e  i n  t h e  p l a n e  o f  t h e  0 -degree  p l y  is s e e n  i n  
Figure  1 (b), where t h e  t o p  n i n e  p l i e s  were ground away t o  expose t h e  f a i l e d  
(3-degree p ly .  The f i g u r e s  c l e a r l y  show k i n k i n g  o f  f i b e r s  i n  t h e  0 -degree  
ply. No de lamina t ion  is p r e s e n t  and t h e  a d j a c e n t  o f f - a x i s  p l i e s  are i n t a c t .  
It is t h e r e f o r e  concluded t h a t  k inking o f  t h e  0-degree f i b e r s  precedes  any 
o t h e r  f a i l u r e  event.  I n  t h i s  specimen, o n l y  t h e  &degree p l y  shown i n  t h e  
f i g u r e  !,ad f a i l e d  by kinking,  and a l l  t h e  o t h e r  0-degree p l i e s  were i n t a c t ,  
F igure  2 shows a similar p a r t i a l  f a i l u r e  o f  a T700,'G!Ml/MDA specimen 
loaded t o  93% UCS. The 0-degree p l y  shown i n  F igure  2(b) has  had t h e  o u t e r  
p l i e s  removed by g r ind ing  and i n d i c a t e s  f i b e r  k ink ing  i n i t i a t e d  a t  t h e  f r e e  
edge s i n c e  f a i l u r e  e x i s t s  o n l y  i n  t h i s  region. 
P a r t i a l  f a i l u r e s  i n  t h e  o t h e r  l a m i n a t e s  a re  shown i n  F i g u r e  3. A 1  1 
l amina tes  except  T700/4901/mPDA have  o n l y  one 0-degree p l y  f a i l u r e .  
The maximum p r e s t r e s s  l e v e l s  i n d i c a t e d  i n  t h e  f i g u r e ,  which  were 
L 
a p p l i e d  be fo re  t h e  d e t e c t i o n  o f  kinking,  are very  c l o s e  t o  t h e  r e s p e c t i v e  
u l t i m a t e  c o m p r e s s i v e  s t r e n g t h s  e x c e p t  f o r  t h e  l a m i n a t e s  w i t h  t h e  BP 907  
r e s i n .  The BP 907 r e s i n  i s  t h e  t o u g h e s t  o f  t h e  r e s i n s  u s e d  i n  t h e  p r e s e n t  
s tudy,  and hence appears  t o  be b e t t e r  a b l e  than  t h e  o t h e r  r e s i n s  t o  resist 
de lamina t ion  f o l l w i n g  f i b e r  kinking. Yet, t h i s  r e s i n  allows f i b e r  k inking 
t o  o c c u r  a t  l o w e r  s t r a i n s  t h a n  t h e  o t h e r  r e s i n s  do. The same t r e n d  was 
observed i n  u n i d i r e c t i o n a l  composites [7]. 
The T700/6901/mPD~ l a m i n a t e  was l o a d e d  t o  t h e  h i g h e s t  r e l a t i v e  
p r e s t r e s s  l e v e l  and  shows f a i l u r e  i n  two 0-degree  p l i e s .  T h e r e f o r e ,  t h e  
s e q u e n t i a l  f a i l u r e  o f  0-degree p l i e s  may occur  p r i o r  t o  u l t i m a t e  f a i l u r e  o f  
t h e  laminate. F i b e r  k inking i n  a O-degree p l y  is progress ive ,  as shown i n  
Figure  1 and, t h e r e f o r e ,  one might expec t  m u l t i p l e  f a i l u r e  i n i t i a t i o n  sites. 
Arrest of f i b e r  k i n k i n g  b e f o r e  c a t a s t r o p h i c  p r o p a g a t i o n  was most 
d i f f i c u l t  f o r  t h e  T300/5208 l a m i n a t e .  F a i l u r e  was q u i t e  s u d d e n  w i t h  
e x t e n s i v e  de lamina t ion  a f t e r  u l t i m a t e  f a i l u r e .  Therefore,  t h i s  l amina te  was 
judged t o  be t h e  most b r i t t l e .  
A 1  t h o u g h  t h e  l. a m i n a t e s  d i f f e r  i n  t h e  p r o g r e s s i o n  o f  damage, f a 4 .  1 u r e  
i n i t i a t i o n  i n  a l l  seven  composite systems is b e l i e v e d  t o  be governed by t h e  
same mechanism; namely, t h e  f i b e r  k inking i n  0-degree p l i e s .  The f o l l o w i n g  
is t h e  c o n c l u d e d  s e q u e n c e  o f  e v e n t s  t h a t  l e a d s  t o  t h e  f i n a l  f a i l u r e  o f  
quas i - i so t rop ic  grcphite/epoxy laminates:  
1. A s  t h e  c o m p r e s s i v e  l o a d  i n c r e a s e s ,  f i b e r  k i n k i n g  o c c u r s  i n  a 0 -degree  
p l y  a t  a n  edge and propagates  inward. The r o t a t i o n  o f  broken f i b e r  segments 
i n  a k i n k  band is b o t h  i n  and  o u t  o f  t h e  p l a n e  o f  t h e  0 -degree  p ly .  The 
f i b e r  k i n k i n g  i s  o f  t h e  same t y p e  a s  o b s e r v e d  i n  u n i d i r e c t i o n a l  
graphite/epoxy composites descr ibed i n  Reference 7. 
2. F a i l u r e  of a 0-degree p l y  not  o n l y  t r a n s f e r s  t h e  l o a d  t o  o t h e r  0-degree 
p l i e s ,  b u t  a l s o  r e s u l t s  i n  l o a d  e c c e n t r i c i t y  s i n c e  t h e  spec imen  l o s e s  
s t i f f n e s s  o n  t h e  s i d e  w i t h  t h e  f a i l e d  p l y .  T h i s  e n h a n c e s  a s e q u e n t i a l  
r a t h e r  than random f a i l u r e  o f  t h e  remaining 0-deqree p l i e s  s t a r t i n g  wi th  
t h e  one closest t o  t h e  f a i l e d  p l y  and p r o p q a t i n g  outward, F igure  3 (e), 
3. A 0 -degree  p l y  w i t h  f i b e r  k i n k i n g  n a y  move r e l a t i v e  t o  t h e  n e i g h b o r i n g  
a n g l e  p l i e s .  T h i s  b r i n g s  about  de lamina t ion  between t h e  f a i l e d  O-degree p l y  
and t h e  a n g l e  p l i e s ,  
4. Aft , :r  d e l a m i n a t i o n ,  t h e  s u b l a m i n a t e s  are more s u s c e p t i b l e  t o  b u c k l i n g  
t h a n  t h e  o r i g i n a l  l a m i n a t e  b e c a u s e  o f  t h i n n e r  t h i c k n e s s e s .  The g l o b a l  
buckl ing of sub lamina tes  l e a d s  t o  f i n a l  f a i l u r e  as  shovn i n  F igure  4. 
Compressive Behavior - T y p i c a l  s t r e s s - s t r a i n  c u r v e s  f o r  t h e  d i f f e r e n t  
l a m i n a t e s  a r e  shown i n  F i g u r e  5. A l l  t h e  s t r e s s - s t r a i n  c u r v e s  e x h i b i t e d  
s t r a i n  s o f t e n i n g  which s u g g e s t s  t h e  s p e c i m e n s  d i d  n o t  e x p e r i e n c e  g l o b a l  
buckling. The reason is t h a t  t h e  lateral s u r f a c e  on which t h e  s t r a i n  gage 
was t o  be bonded was chosen randomly and i t  is h i g h l y  u n l i k e l y  t h a t  a l l  t h e  
g a g e s  would h a v e  been p l a c e d  on  t h e  c o m p r e s s i o n  s i d e  by mere c o i n c i d e n c e .  
The absence o f  g l o b a l  buck l ing  was fur thermore confirmed by usFng back-to- 
back s t r a i n  g a g e s  on  b o t h  s i d e s  o f  a T700/BP907 spec ime~r .  F i g u r e  6 shows 
t h e  s t r a i n  o u t p u t s  i n  which no s t r a i n  r e v e r s a l  is observed. 
The c r i t i c - '  buckl ing s t r e s s ,  inc lud ing  t h e  e f f e c t  of composite 
t r a n s v e r s e  m e a r  modulus, was c a l c u l a t e d  f o r  a T300/5208 laminat2  
(cf .  Appendix). The same s t a c k i n g  sequence as i n  t h e  unnotched specimens was 
assumed. S ince  no specimen-tab debonding was observed i n  t h e  experiments, a 
c o l u m n  l e n g t h  e q u a l  t o  t h e  s p e c i m e n  g a g e  l e n g t h  w a s  u s e d  i n  t h e  
c a l c u l a t i o n s .  I n  o r d e r  t o  g e t  a c o - . s e r v a t i v e  estimate o f  t h e  b u c k l i n g  
stress, t h e  column ends  were assumed t o  be s imply supported. 
I n c l u d i n g  r h e  e f f e c t  o f  i n d u c e d  t r a n s v e r s e  s h e a r  f o r c e s  was s e e n  t o  
reduce t h e  c r i t i c a l  buckl ing stresses by 52 % ( see  Appendix). The r e s u l t i n g  
r s q u i r e d  stress o f  1774 MPa t o  c a u s e  g l o b a l  b u c k l i n g  was, however ,  much 
h i g h e r  t h a n  t h e  726 MPa o b t a i n e d  a s  t h e  a v e r a g e  f a i l u r e  stress. The o t h e r  
s i x  l a m i n a t e s  a re  e x p e c t e d  t o  b e h a v e  s i m i l a r l y  s i n c e  t h e i r  m e c h a n i c a l  
p r o p e r t i e s  are similar t o  t h o s e  o f  t h e  T300/5208 laminate .  The re fo re ,  i t  is  
conc luded  t h a t  t h e  q u a s i - i s o t r o p i c  l a m i n a t e s  t e s t e d  f a i l e d  i n  compression 
l o n g  b e f o r e  t h e  c r i t ica l  b u c k l i n g  stress was reached. 
Some o f  t h e  specimens were l o a d e d  well i n t o  t h e  n o n l i n e a r  r e g i o n  and 
then  unloaded. The s t r e s s - s t r a i n  r e l a t i o n  d u r i n g  u n l o a d i n g  was a l m o s t  t h e  
same as d u r i n g  l o a d i n g ,  F i g u r e  7. Thus, t h e  n o n l i n e a r i t y  is n o t  b e l i e v e d  t o  
h a v e  been  c a u s e d  by damage. I n  f a c t ,  t h e  c o r r e s p o n d i n g  u n i d i r e c t i o n a l  
composi tes  a l s o  showed similar n o n l i n e a r  b e h a v i o r  171. 
A l t h o u g h  f i b e r  k i n k i n g  o c c u r r e d  i n  0 - d e g r e e  p l i e s  b e f o r e  u l t i m a t e  
f a i l u r e ,  a s  d i s c u s s e d  earlier, i t  c o u l d  n o t  be d e t e c t e d  on t h e  s t r e s s - s t r a ; n  
c u r v e s .  No a b r u p t  c h a n g e  i n  stress o r  s t r a i n  was o b s e r v e d  u p  t o  f i n a l  
f a i l u r e .  
C c m p r e s s i v e  p r o p e r t i e s  of  a l l  s e v e n  q u a s i - i s o t r o p i c  l a m i n a t e s  a r e  
l i s t e d  i n  T a b l e  2. I n  g e n e r a l ,  t h e  q u a s i - i s o t r o p i c  s t r e n g t h s  h a v e  a lower  
scatter band t h a n  t h e  u n i d i r e c t i o n a l  s t r e n g t h s  r e p o r t e d  i n  Refe rences  7 and 
8. E v e n  t h e  T300 /5208  c o m p o s i t e ,  wh ich  showed c o n s i d e r a b l e  sca t t e r  i n  
u n i d i r e c t i o n a l  s t r e n g t h ,  is f a i r l y  c o n s i s t e n t  i n  quas i - i so t r cp j - c  s t r e n g t h .  
A smaller s c a t t e r  i n  s t r e n g t h  i n d j c a t e s  less s e n s i t i v i t y  t o  d e f e z t s .  
Although t h e  i n i t i a l  f i b e r  k i n k i n g  acts as  a d e f e c t  a f t e r  its i n c e p t i o n ,  i t  
is less  cr i t ica l  t o  u l t i m a t e  f a i l u r e  o f  q u a s i - i s o t r o p i c  l a m i n a t e s  t h a n  t h a t  
of u n i d i r e c t i o n a l  laminates .  T h i s  c o n c l u s i o n  is borne  o u t  by t h e  ease w i t h  
which f i b e r  k i n k i n g  can  be  monitored i n  q u a s i - i s o t r o p i c  l amina te s .  
The  a v e r a g e  c o m p r e s s i v e  s t r e n g t h s  o f  q u a s i - i s o t r o p i c  l a m i n a t e s  a re  
p l o t t e d  a g a i n s t  t h e  r e s i n  t e n s i l e  modul i  i n  F i g u r e  8. As f o r  u n i d i r e c t i o n a l  
c o m p o s i t e s  ( 7 1 ,  t h e  c o m p r e s s i v e  s t r e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  r e s i n  
modulus. 
Al though i n  t e n s i o n  t h e  T700 f i b e r  is s t r o n g e r  t h a n  t h e  T300 f i b e r  I h e  
c o r r e s p o n d i n g  l a m i n a t e s  show t h e  o p p o s i t e  t r e n d  i n  c o m p r e s s i o n .  8 0 t h  
f a i l u r e  stresses and f a i l u r e  s t r a i n s  f o r  T700 l a m i n a t e s  are lower  t h a n  f o r  
T300 l a m i n a t e s  p robab ly  because  o f  t h e  smaller d i a m e t e r  o f  t h e  T700 f i b e r .  
According t o  t h e  n o n l i n e a r  mic robuck l ing  madel p r e s e n t e d  i n  Reference  7, t h e  
compress ive  s t r e n g t h  o f  a 0-degree p l y  is i n v e r s e l y  r e l a t e d  t o  t h e  i n i t i a l  
f i b e r  c u r v a t u r e .  S i n c e  a l a r g e r  d i ame te r  f i b e r  is l i k e l y  t o  h a v e  a smaller 
i n i t i a l  c u r v a t u r e ,  c o m p r e s s i ~  s t r e n g t h  o f  c o m p o s i t e s  w i l l  i n c r e a s e  w i t h  
f i b e r  d iameter .  
T h e  T300 /5208  l a m i n a t e  s h o w s  t h e  h i g h e s t  c o m p r e s s i v e  f a i l u r e  s t r a i n  
d e s p i t e  t h e  f a c t  t h a t  t h e  5208 r e s i n  iras t h e  l o w e s t  t e n s i l e  f a i l u r e  s t r a i n  
o f  a l l  f o u r  r e s i n s  used. The f a i l u r e  s t r a i n s  o f  q u a s i - i s o t r o p i c  l a m i n a t e s  
are compared  w i t h  t h o s e  ~ r '  u n i d i r e c t i o n a l  l a m i n a t e s  o f  t h e  same mater ial  
s y s t e m s  [ 7 ]  i n  F i g u r e  9. T h e  q u a s i - i s o t r o p i c  l a m i n a t e s  a re  s e e n  t o  h a v e  
c o n s i d e r a b l y  h i g h e r  f a i l u r e  s t r a i n s  t han  t h e  c o r r e s p o n d i n g  n i d i r e c t i o n a l  
laminates .  T h i s  is due  t o  a b e t t e r  l a t e ra l  s u p p o r t  p rov ided  t o  t h e  0-degree 
p l i e s  by a d j a c e n t  o f f - a x i s  p l i e s  i n  q u a s i - i s o t r o p i c  l amina te s .  ?'he in -p l ane  
k i n k i n g  i n  t h e  q u a s i - i s o t r o p i c  l a m i n a t e  i s  i n f l u e n c e d  by t h e  h i g h e r  
s t i f f n e s s  o f  o f f - a x i s  p l i e s  normal t o  t h e  loading .  The out -of -p lane  k ink ing  
a l s o  is re a rded  by t h e  o f f - a x i s  f i b e r s  b r i d g i n g  o v e r  t h e  k i n k  band. 
Specimens K i t h  Ho les  
The  f a i l u r e  o f  s p e c i m e n s  w i t h  a c i r c u l a r  h o l e  was a l s o  i n i t i a t e d  by 
f i b e r  k i n k i n g  i n  t h e  0 - d e g r e e  p l i e s ,  as  r e p o r t e d  i n  R e f e r e n c e s  4 a n d  10. 
Similar t o  t h e  f i n d i q z i ' o f  Re fe rence  4, t h e  i n i t i a l  f a i l u r e  s t a r t e d  a t  t h e  
h o l e  boundary a ~ d  propogated towards  the  spec.'sten edges. 
The sequence  o f  f a i l u r e  e v e n t s  sugges t ed  i n  Refe rences  4  and 10 d i d  n o t  
i v c i u d e  any comparison between l a m i n a t e s  w i t h  b r i t t l e  r e s i n  and w i t h  s o f t  
J' r e s i n .  A s  i n  t h e  u n n o t c h t ~ d  l a m i n a t e s ,  t h e  mode o f  f a i l u r e  p r o p a g a t i o n  
f o l l o w i n g  t h e  i n i t i a l  f i b e r  k i n k i n g  changed w i t h  t h e  d u c t i l i t y  cf t h e  r e s i n  
used .  11: t h e  T300/5208 l a m i n a t e ,  d e l a m i n a t i o n  i m m e d i a t e l y  f o l l o w e d  t h e  
i n i t i a t i o n  o f  a k i n k  band,  F i g u r e  10. Two o u t e r  0 - d e g r e e  p l i e s  f a i l e d  i n  
t h e  form o f  k inking ,  c a u s i n g  l o c a l  d e l a m i n a t i o n  o f  t h e  o u t s i d e  45-degree p l y  
from t h e  a d j a c e n t  0-degree ply.  Upon f u r t h e r  i n c r e a s e  i n  l o a d ,  t h e  f a i l u r e  
band p ropasa t ed  a l o n g  t h e  specimen width. The f i b e r  k i n k i n g  i n  t h e  0-degree 
p l i e s ,  c o u p l e d  w i t h  t h e  s e p e r a t i o n  o f  4 5 - d e g r e e  p l i e s ,  i n d u c e d  f u r t h e r  
de laminat ion .  F i g u r e  10 (b) shows t h e  p o l i s h e d  la tera l  s u r f a c e  o f  t h c  same 
specimen as shown i n  F i g u r e  10  (a). The o u t e r  45-de) tee p l y  was ground awa1. 
t o  expose  t h e  f i b e r  k ink ing  i n  t h e  0-degree ply.  I n t r a p l y  c r a c k i n g  is a l  9 
obse rved  i n  a 45-degree and a 90-degree p l y ,  F i g u r e  10. 
A combinat ion  of f i b e r  k i n k i n g  i n  0-degree p l i e s  and d e l a m i n a t i o n  was 
a l s o  o b s e r v e d  i n  l a m i n a t e s  made w i t h  4901/MDA and 4901/mPDA r e s i n s .  S i m i l a r  
t o  t h e  T300/5208 l a m i n a t e ,  f a i l u r e  was  i n i t i a t e d  i n  t h e  o u t e r  0 - d e g r e e  
p l i e s ,  T i g u r e  11, I n  t h e s e  l a m i n a t e s ,  however, t h e  k i n k  band had propagated  
f a r t h e r  t h r o u g h  t h e  w i d t h  o f  t h e  p l y  when t h e  t e s t  was s t o p p e d .  I t  was 
t h e r e f o r e  d i f f i c u l t  t o  assess whether  t h e s e  l a m i n a t e s  were any more t o l e r a n t  
o f  t h e  i n i t i a l  damage t h a n  was t h e  T300f5208 laminate .  
I n  l a m i n a t e s  made w i t h  t h e  BP907 r e s i n ,  t h e  k i n k  band p r o p a g a t e d  some 
d i s t a n c e  away f r o m  t h e  h o l e  b e f o r e  c a u s i n g  a n y  d e l a m i n a t i o n .  F i g u r e  1 2  
shows p a r t i a l  damage i n  a T700/BP907 specimen, Although i l l  t h e  0-degree 
p l i e s  h a v e  f a i l e d ,  no  d e i  . : a t i o n  is  p resen t .  S i n c e  t h e  k i n k  h n d  shown i n  
F i g u r e  12  t r a v e l e d  more  t h a n  o n e - f o u r t h  o f  t h e  n e t  specimerc : ~ i d t h  on  e a c h  
s i d e  of  t h e  h o l e ,  i t  c a n  be  deduced t h a t  d e l a m i n a t i o n  was d e l a y e d  up t o  a n  
advanced s t a g e  o f  f a i l u r e .  The re fo re ,  l a m i n a t e s  made w i t h  t h e  BP907 r e s i n  
f a i l  when most 0-degree p l i e s  f a i l  c o m p l e t e l y  accompanied by v e r y  1 itt l e  
delaminat ion .  
Notched s t r e n g t h s  of  25 mn wide spec imens  were a n a l y z e d  a c c o r d i n g  t o  t h e  
p o i n t - s t r e s s  f a i l u r e  c r i t e r i o n  o f  Gihitney and Nuismer [It]. For a n  i n f i n i t e  
q u a s i - i s o t r o p i c  p l a t e  w i t h  a h o l e  o f  r a d i u s  R ,  t h e  p o i n t - s t r e s s  f a i l u r e  
c r i t e r i o n  p r e d i c t s  t h e  notched s t r e n g t h  a{ t o  b e  
where a. is t h e  unnotched s t r e n g t '  and 
Here, d, d e f i n e s  t h e  d i s t a n c e  f r o m  t h e  h o l e  b o u n d a r y  t o  a p o i n t  w h e r e  t h e  
normal stress i n  t h e  l o a d i n g  d i r e c t i o n  r e a c h e s  oo a t  f i n a l  f a i l u r e .  
The e x p e r i m e n t a l  notched s t r e n g t h  GIN o b t a i n e d  from a  specia.en of  f i n i t e  
width  c a n  b e  c o n v e r t e d  t o  0; u s i n g  t h e  f i n i t e  w id th  c o r r e c t i o n  f a c t o r  Y: 
2 + (1 - 2 ~ 1 ~ 1 3  
Y = 
3(1 - 2 R / W )  ( 4 )  
where W is t h e  specimen width. 
E q u a t i o n s  (1) - (4)  were u s e d  t o g e t h e r  w i t h  t h e  u n n o t c h e d  s t r e n g t h s  
( g i t e n  i n  T a b l e  2) and t h e  e x p e r i m e n t a l  notched s t r e n g t h s  t o  c a l c u l a t e  t h e  
a v e r a g e  v a l u e  o f  do f o r  e a c h  c o m p o s i t e  s j s t e m t e s t e d , a n d  t h e  r e s u l t s a r e  
shown i n  F i g u r e  13. A s  c a n  b e  s e e n  f r o m  E q u a t i o n s  (1) a n d  (2). a h i g h e r  do 
i n d i c a t e s  less n o t c h  s e n s i t v i t y ,  i.e., less r e d u c t i o n  i n  t h e  n o r m a l i z e d  
notched s t r e n g t h  u;/a0 w i t h  i n c r e a s i n g  h o l e  size. 
A s  expected ,  T300/BP907 and T700/BP907 l a m i n a t e s  show t h e  least no tch  
s e n s i t i v i t y  w h i l e  t h e  T300/5208 shows t h e  most. The two c u r i n g  a g e n t s  MDA 
a n d  mPDA y i e l d  a l m o s t  t h e  same n o t c h  s e n s i t i v i t y .  A l s o ,  t h e  n o t c h  
s e n s i t i v i t y  is more dependent  on  t h e  m a t r i x  material t y p e  t h a n  on t h e  f i b e r .  
K i t h  do e x p e r i m e n t a l l y  de termined,  t h e  change o f  s t r e n g t h  r a t i o  aN/ao 
w i t h  normal ized  h o l e  d i ame te r  2R/W as c a l c u l a t e d  by Equa t ions  1 th rough  4 is 
shown t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  d a t a  f o r  each  l a m i n a t e  i n  F i g u r e s  14 
and 15. The expe r imen ta l  d a t a  f o r  [45/0/-45/90]6s spec imens  127 rn wide and 
254  mm l o n g  a re  shown i n  F i g u r e s  1 6  a n d  17. A l s o  shown i n  t h e  l a t t e r  
f i g u r e s  a re  t h e  p r e d i c t i o n s  f o r  t h e  l a r g e  s p e c i m e n s  u s i n g  t h e  do v a l u e s  
ob ta ined  from t h e  small specimens. The agreement between t h e  e x p e r i m e n t a l  
r e s u l t s  and t h e  p r e d i c t i o n s  is q u i t e  r easonab le .  
Impact Damage 
The  e x t e n t  o f  damage d u e  t o  i m p a c t  i s  shown i n  F i g u r e  18, w h e r e  t h e  
damage a r e a s  measured on u l t r a s o n i c  C-scan r e c o r d s  are p l o t t e d  a g a i n s t  t h e  
i m p s c t  e n e r g i e s .  The  f i g u r e  a l s o  i n c l u d e s  t h e  d a t a  f o r  o t h e r  c o m p o s i t e  
sys t ems  r e p o r t e d  i n  Reference  5. lvhereas two d i f f e r e n t  impact  e n e r g i e s  were 
u s e d  f o r  t h e  l a m i n a t e s  mad2 w i t h  4901/mPD12 r e s i n ,  o n l y  t i l e  l o w e r  i m p a c t  
energy was used f o r  t h e  l a m i n a t e s  made w i t h  4901/~DA r e s i n .  Of a l l  r e s i n s  
shown, BP907 q i v e s  t h e  b e s t  impact  r e s i s t a n c e .  
The  T700 f i b e r  shows  b e t t e r  i m p a c t  r e s i s t a n c e  t h a n  t h e  T300 f i b e r .  
D u r i n g  i m p a c t  l a r g e  l x a l  d e f o r m a t i o n  g r a d i e n t s  o c c u r  w h i c h  c a u s e  h i g h  
t e n s i o n  stresses t o  d e v e l o p  o n  t h e  b a c k  s u r f a c e .  T h e  T700  f i b e r  w i t h  i ts  
h i g h e r  s t r a i n  c a p a b i l i t y  c a n  s u s t a i n  h i g h e r  b a c k  s u r f a c e  t e n s i o n  s t r a i n s  
p r i o r  t o  f a i l u r e  t h a n  t h e  lower  s t r a i n  c a p a b i l i t y  T300 f i b e r .  
The  4901  r e s i n  y i e l d s  l a m i n a t e s  wh ich ,  i n  i m p a c t  damage s i z e ,  r a n k  . 
somewhere between t h e  BP907 l a m i n a t e s  and t h e  T300/5208 l amina te ,  t h e  former  
be ing  t h e  most r e s i s t a n t  t o  impact. 
The  f a i l u r e  s t r e n g t h  f o r  s p e c i m e n s  l o a d e d  i n  c o m p r e s s i o n  f o l l o w i n g  
i m p a c t  damage a t  s e l e c t e d  i m p a c t  e n e r g i e s  i s  p r e s e n t e d  i n  F i g u r e  19. 
L a m i n a t e s  c o n s t r u c t e d  u s i n g  BP907 r e s i n  a n d  t h e  h i g h e r  s t r a i n  T700  f i b e r  
recorded a h i g h e r  f a i l u r e  s t r e n g t h  t h a n  d i d  BP907 l a m i n a t e s  w i t h  T300 f i b e r .  
CONCLUSIONS 
C o m p r e s s i v e  b e h a v i o r  o f  q u a s i - i s o t r o p i c  g r ~ p h i t e / e p o x y  l a m i n a t e s  was 
s t u d i e d  u s i n g  two d i f f e r e n t  f i b e r s  (T300 and T700) and f o u r  d i f f e r e n t  r e s i n s  
(5208, BP907, 4901/MDA, and 4901/mPDA). The I ITRI  compress ion  f i x t u r e  was 
used t o  s t u d y  t h e  unnotched b e h a v i o r  w h i l e  h o l e s  o f  v a r y i n g  d i a m e t e r s  were 
used t o  s t u d y  t h e  n o t c h  s e n s i t i v i t y .  The e f f e c t  o f  low v e l o c i t y  impact  on  
s t r u c t u r a l  i n t e g r i t y  was c h a r a c t e r i z e d  i n  terms o f  damage area a n d  t h e  
s t r e n g t h  r e t e n t i o n  a f t e r  impact. The f o l l o w i n g  c o n c l u s i o n s  are drawn from 
t h e  p r e s e n t  study. 
1. F a i l u r e  o f  t h e  q u a s i - i s o t r o p i c  l a m i n a t e s  u n d e r  c o m p r e s s i o n  was 
i n i t i a t e d  by f i b e r  k ink ing  i n  t h e  0-degree p l i e s .  The f i b e r  k i n k i n g  s t a r t e d  
a t  a n  edge  and grew inward. 
2. The f i b e r  k i n k i n g  was i n i t i a l l y  c o n t a i n e d  i n  -he  tough BP907 r e s i n ;  
h o w e v e r ,  i t  i m m e d i a t e l y  l e d  t o  d e l a m i n a t i o n  a n d  u l t i m a t e  f a i l u r e  i n  t h e  
b r i t t l e  5208 r e s i n .  Based on t h e  f a i l u r e  modes, t h e  4901 r e s i n  cu red  w i t h  
MDA o r  PPDA was judged t o  be between BP907 and 5208 r e s i n s  i n  its toughness. 
3. F a i l u r e  s t r a i n s  f o r  t h e  quas i - i so t rop ic  l amina tes  were higher  t h a n  
t h o s e  f o r  t h e  c o r r e s p o n d i n g  u n i d i r e c t i o n a l  l a m i n a t e s  b e c a u s e  t h e  q u a s i -  
i s o t r o p i c  l amina tes  c o u l d  l o c a l l y  c o n t a i n  t h e  f i b e r  k inking b e t t e r  than  t h e  
u n i d i r e c t i o n a l  laminates.  
4. The compress ive  s t r e n g t h  increased wi th  t h e  r e s i n  t e n s i l e  modulus. 
5. F a i l u r e  i n i t i a t i o n  i n  t h e  s p e c i m e n s  w i t h  a h o l e  w a s  a l s o  f i b e r  
k i n k i n g  i n  t h e  0 -degree  p l i e s .  F i b e r  k i n k i n g  o c c u r r e d  a t  t h e  p o i n t  o f  
maximiurn compressive stress and grew inward. Growth of t h e  kink band was 
most g radua l  i n  t h e  BP907 r e s i n  and t h e  least s t a b l e  i n  t h e  5208 res in .  The 
notch s e n s i t i v i t y  was t h e  lowest  f o r  t h e  l amina tes  made wi th  t h e  BP907 r e s i n  
and  t h e  h i g h e s t  f o r  t h o s e  made w i t h  t h ~  5208  r e s i n .  The f i b e r  t y p e  (T300 
v e r s u s  T700) d i d  n o t  seem t o  s i g n i f i c a n t l y  a f f e c t  t h e  n o t c h  s e n s i t i v i t y .  
P rev ious  i n v e s t i g a t i o n s  (Reference 4 )  have  shown h igher  s t r a i n  f i b e r s  (AS4 
v e r s u s  T300) t o  i m p r o v e  o p e n - h o l e  c o m p r e s s i o n  s t r e n g t h .  The s m a l l e r  
d i a m e t e r  o f  t h e  T700 f i b e r  ( T a b l e  1 )  may be  a f a c t o r  which c o u n t e r a c t s  t h e  
i.mprovement expected from a h igher  s t r a i n  f i b e r .  
6.  The BP907 r e s i n  a1 lowed t h e  l e a s t  i m p a c t  damage w h i l e  t h e  4901 
r e s i n s  were comparable t o  t h e  5208 res in .  The T700 f i b e r  r e s u l t e d  i n  b e t t e r  
r e s i s t a n c e  t o  impact damage than  t h e  T300 f i b e r  probably due t o  its h igher  
s t r a i n  capah! 'v The T700/BP907 l a m i n a t e  showed t h e  h i g h e s t  r e s i d u a l  
s t r e n g t h ,  f  01 lowed L .  t h e  T300IBP907 laminate. The remaining l amina tes  were 
comparable t o  one ano ther  i n  t h e i r  r e s i d u a l  s t reng ths .  
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APPENDIX : CALCULATION OF THE CRITICAL BUCKLING STRESS 
1. Nota t ion  
F i g u r e  20 shows t h e  c o o r d i n a t e  system, t h e  l a m i n a t e  o r i e n t a t i o n ,  and the 
stress n o t a t i o n  used. 
2. Buckl ing  Formula 
I f  t h e  t r a n s v e r s e  s h e a r i n g  f s r c e s  induced by de fo rma t ion  are t a k e n  i n t o  
accoun t ,  t h e  cr i t ical  buck l ing  f o r c e  i n  a column is g i v e n  by [12]:  
where 
Pe = t " l & ) 2  Dll 
and 
Dll  = f l e x u r a l  s t i f f n e s s  
te = e f f e c t i v e  l e n g t h  (= L f o r  s imply  s u p p o r t e d  ends )  
A = c r o s s  s e c t i o n a l  area 
n = a numer i ca l  f a c t o r  depending on t h e  c r o s s  s e c t i o n  (01.2 f o r  
r e c t a n g u l a r  shape )  
G13 = t r a n s v e r s e  s h e a r  modulus 
3. U n i d i r e c t i o n a l  T30015208 P r o p e r t i e s  Used i n  The C a l c u l a t i o n s  
El = 131.0 GPa V 21 = 0.380 
E2 = 13.0 GPa v 1 2  = 0.038 
E3 = E2 v v 13 ' 12 
G12 = 6.4 GPa VZ3 = 0.492 
GTq = 3.02 GPa ( v i a  t h e  modif ied ru le-of -mixtures  assuming 
- 
V f  = 0.6, E = 4.0 GPa, v m  = Q.35, a n d  
Gfa = 5.9  pa) 
4. The On-Axis Compliance Matrix 
substituting the unidirectional properties, 
5. On-Axis Stiffness Matrix 
6. C a l c u l a t i o n  of Dl1 
Dll was c a l c u l a t e d  us ing  t h e  f o l l o w i n g  fo rmula  
where  z is t h e  c o o r d i n a t e  i n  t h e  t h i c k n e s s  d i r e c t i . o n .  Assuming a 
[45/0/-45/9C1]~~ s t a c k i n g  sequence and a p l y  t h i c k n e s s  of  0.14 mn y i e l d s  
Dll = 203500 N mm 
7. C a l c u l a t i o n  of G13  
Using c o n t r a c t e d  no ta t ion ,  s t r e s s - s t r a i n  r e l a t i o n  of a c o n s t i t u e n t  p l y  
can be w r i t t e n  as 
ai = Ci j j + 'A 0 - 7 )  
aA = CAj E j  + CAB EB (A-8) 
where i, j = 1, 2, 6 are a s s o c i a t e d  wi th  t h e  i n - p l a n e  c o o r d i n a t e s  and A, F = 
3, 4, 5 w i t h  t h e  o u t - o f - p l a n e  c o o r d i n a t e s .  A c c o r d i n g  t o  t h e  c l a s s i c a l  
l a m i n a t e d  p l a t e  t h e o r y ,  UA a re  assumed t o  be  c o n s t a n t  t h r o u g h o u t  t h e  
thickness.  I f  t h e  t o t a l  s t r a i n s  E~ are d i s p l a y e d  as ci = E? + kz, then  one 
can :;how t h a t  [13],  
where EP and kj a r e  t h e  in-plane  s t r a i n s  and c u r v a t u r e s .  r e s p e c t i v e l y .  An 
o v e r b a r  s t a n d s  f o r  a v e r a g e  through t h e  t h i c k n e s s  h, i.e. 
Assuming a3 = q - r j  = kj = 0. Equation (A-9) v i e l d s  
where  cS5-l is t h e  e l e m e n t  i n  t h e  f i f t h  row and  f i f t h  co lumn o f  [ci j  J-l. 
The t r a n s v e r s e  s h e a r  modulus is t h e n  g i v e n  by 
1 
Us ing  t h e  o n - a x i s  s t i f f n e s s  m a t r i x  g i v e n  i n  (A-5). a [ 4 5 / 0 / - 4 5 ' / 9 0 ] ~ ~  
s t a c k i n g  sequence, and a p l y  t h i c k n e s s  of 0.14 mm r e s u l t s  i n  
G13 = 4.1 GPa 
8. The C r i t i c a l  Buckling $tress 
S u b s t i t u t i n g  D l l  = 203500 EJ mm, G l 3  = 4.1 GPa, n = 1.2, 
A - 21.3 mm2, and  L, = 12.7 mm i n  (1-2) and (A-1). g i v e s  
PC, = 37828 N 
o r  Ucr = PCr/A = 1774 MPa . 
Table 1 :  Properties of the Constituent Materials. 
t-laterial Diameter ~ = d u l u s l  Failure 1 Failure 1 
Stress Strain 
(10-5 m) (GPa) (MPa) (XI 
l :  I n  Tension 
I TABLE 2: Properties of the Composite Laminates 
I 
i COMPOSITE FIBER WEIGIIT FAILURE STRESSa  FAILURE^ MODULUS~ 
1 CONTENT AVERAGE C.V. STRAIN 
r! (3 (3 ( CPa) 
a Eight specimens tested for T300/ and T700/BP907.  
Ten specimens tested for the other laminates. 
Two specimens tested. 
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Figure 4 .  Typical global bucklins of suh- 




Figure 8.  Effect of resin tensile modulus on compressive 
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